This study sheds light on the short-term dynamics of pro-oxidant processes related to the exposure of C. reinhardtii microalgae to nano-TiO 2 using a) conventional fluorescent probes for Results showed that nano-TiO 2 suspensions generated ROS under UV light (abiotic origin) and promoted ROS accumulation in C. reinhardtii (biotic origin). However, extracellular and intracellular pro-oxidant processes differed. Hence, extracellular H 2 O 2 cannot per se serve as a predictor of cellular oxidative stress or damage. The main predictors best describing the cellular responses included "exposure medium, "exposure time", "UV treatment" as well as "exposure concentration".
INTRODUCTION
With the increasingly pervasive use of engineered nanomaterials (ENMs) in modern society, the aquatic system has been recognized as a primary environmental entry point and sink for ENMs inevitably discharged by anthropogenic activity.
1-3 Yet, the associated inadvertent implications for the overall ecotoxicological risk remain uncertain. [3] [4] [5] [6] The ability of inorganic nanoparticles to generate reactive oxygen species (ROS) and thereby cause oxidative stress and damage is currently one of the most well developed paradigms to explain their biological effects 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] even though to date the underlying mechanisms are not yet fully understood and the particle vs ion dilemma persists 16, 17 .
Thus, an in-depth understanding of normal and ENM-stimulated ROS production as well as antioxidant levels can improve our understanding of the potential hazards related to ENMs.
More than a decade ago, Livingstone 18 identified the following key challenges of aquatic toxicology for improved risk assessment: (i) identification of pro-oxidant species, (ii) design of novel toxicity assays for the detection of pro-oxidant activity, (iii) quantitative assessment of contaminant-mediated pro-oxidant processes compromising biological fitness and lastly (iv) identification of environmental and biological factors that modulate ENM-stimulated ROS generation and oxidative damage. 18 Against this background, the purpose of the present research study is twofold: Firstly, it assesses the effect of nano-TiO 2 to the model aquatic microalga Chlamydomonas reinhardtii by investigating its pro-oxidant potential and possible modifying factors thereof by wellestablished fluorescent probes for oxidative stress and damage. These cellular endpoints were complemented with nano-TiO 2 -induced abiotic ROS measured by H 2 DCF-DA fluorescence.
Secondly, this is the first in-depth, systematic nano-ecotoxicological study to use extracellular H 2 O 2 concentrations as a complementary endpoint in achieving the first aim, in an attempt to validate this recently developed method based on a cytochrome c biosensor. [19] [20] [21] [22] Unlike other approaches applied in nanotoxicity testing, this biosensor is non-invasive and provides quantitative measurements of extracellular H 2 O 2 concentrations in real time. Stress-induced H 2 O 2 can rapidly diffuse across the plasma membrane, passively or through aquaporin channels 23, 24 and can be detected from as early as a few seconds to as long as a few days after stress application 25 , making it a suitable indicator for pro-oxidant responses in biological systems. 26 Here, we aim to evaluate to what extent extracellular H 2 O 2 can serve as a biomarker for oxidative stress and damage in cells exposed to nano-TiO 2 .
For this purpose, the microalga C. reinhardtii was exposed to two series of nano-TiO 2 suspensions at nominal concentrations of 10, 50, 100 and 200 mg L -1 , one of which previously received a 20 min UVA illumination, in two exposure media. These were a common laboratory testing buffer and lake Geneva water. In this way, we investigate the impact of the factors "exposure medium", "exposure concentration", "exposure time" and "UV treatment" on the pro-oxidant potential of nano-TiO 2 .
The microalga C. reinhardtii represents one of the most sensitive classes of aquatic microorganisms to metal oxide ENMs 27 that can serve as early sentinel for potential environmental hazards in aquatic systems. 28 Nano-TiO 2 is the most abundantly produced, most widely applied and investigated ENM that assumes the role of a benchmark against which other particles can be compared. 29 Most common applications are in the fields of photovoltaics, photocatalysis and sensing but also include its use as a white pigment in paints, cosmetics, personal care products and as E-171 in food. [30] [31] [32] [33] As a semiconductor, energies equal to or higher than its band gap around 3. 39 but it has been shown that ROS mediated nano-TiO 2 toxicity on microalgae also occurs in normal light conditions and does not significantly differ from UV treatments.
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MATERIALS AND METHODS
Experimental design. Experiments with algae were performed in two different exposure media and in two series of four different nano-TiO 2 concentrations (10, 50, 100 and 200 mg L -1 ), one of which was performed with untreated particles and the other of which received a 20 min preillumination with long wave UV before contact with cells. Extracellular ROS was then monitored during 1 h with a novel portable oxidative stress sensor (POSS). To assess intracellular ROS levels and membrane integrity, the same exposure conditions were repeated separately and the samples stained with fluorescent probes for measurements by flow cytometry at the beginning of exposure (t = 0 h) and after 1 h (t = 1 h). All exposure conditions were replicated at least three times. All reagents (analytical grade) were purchased from Sigma Aldrich (Buchs, Switzerland), unless stated otherwise. UV treatment. Nano-TiO 2 suspensions received a 20 min illumination with long wave UV (300 -420 nm = UVA) in the absorption range of nano-TiO 2 (λ < 385 nm) 45 before contact with algae. 7 The intensity of the UV lamp (Waldmann Typ 602352 230V 50Hz 2x4W) at the sample was 60 µW cm -2 nm -1 , at the wavelength 350 nm (Fig. S2) , which corresponds to an integrated intensity of 2700 µW cm -2 in the wavelength range 300 -420 nm. This dose is in the range of intensities commonly occurring in natural aquatic environments. Particle sedimentation in the present exposure conditions was both experimentally determined and computationally estimated. In separate experiments using suspensions without algae, the supernatants of the nano-TiO 2 suspensions were measured after 1 h by ICP-MS (Elan DRC, Perkin Elmer). The "In vitro Sedimentation, Diffusion and Dosimetry" model, known as ISDD, was used for the computational estimation of particle sedimentation. The model was obtained from its developers 47 and is available as MatLab code or Windows Executable. The input parameters specific to our experimental setups are provided in Table S2 (t initial ), showing the least agglomeration, particle diameters already increased from the original 75 nm (primary size, Fig. S1 ) up to diameters between 450 nm and 2500 nm (Fig. 1, A and C) and continued to increase with increasing concentrations. Number and volume-weighted d h are provided in the ESI (Fig. S6 ) and showed similar trends (Fig. S7, A and B) .
These hydrodynamic diameters are at the extreme limit of the DLS method and the measured sizes are unreliable but the trends seem to be consistent. What is more, the suspensions are polydisperse (polydispersity index largely between 0.3 -0.5, Table S4 ), in which case the assumptions underlying the DLS method are no longer fulfilled. Therefore, it makes little sense to discuss differences between concentrations and media in detail but the general trends can be summarized as follows:
) in both media (Fig. 1, Fig. S7 , C -F). (Table S5 ). The experimental and computational results differ by one order of magnitude. The reality is likely to lie somewhere between.
Nonetheless, these findings suggest that particokinetics (particle transport) was similar in the two media. Also, the experimental results suggest that after 1 h the final concentration of Ti Oxidative stress in lake water. In lake water exposures the proportion of cells affected by oxidative stress did not exceed 5 % (Fig. 2A, ]UV treatments ( Fig. 2A , Table S6 ). Controls and 10 mg L -1 nano-TiO 2 exposures produced comparable responses in both treatments ( Fig. 2A) .
Oxidative stress in MOPS. In the MOPS buffer, no effects on intracellular ROS levels were observed in neither of the two treatments (Fig. 3A , Table S7 ). A marked increase in the proportion of cells with elevated intracellular ROS was observed in all conditions after 1 h, including the controls, suggesting that the MOPS medium may have acted as a stressor itself (Fig. 3A) . The pre-irradiation of nano-TiO 2 with UV slightly reduced median intracellular ROS responses at all concentrations in the MOPS buffer.
Membrane integrity in lake water. Membrane damage predominantly occurred in lake water (Fig. 2B , Table S12 and S13) and the proportion of affected cells was more than one order of magnitude higher than in MOPS. In lake water, membrane impairment was considerably elevated in cells exposed to 100 and 200 mg L -1 nano-TiO 2 for 1 h reaching 12 % and 19 % affected cells, respectively, compared to ca. 8 % in controls. There was no difference in membrane damage between controls and cells exposed to 10 mg L -1 and 50 mg L -1 nano-TiO 2 (Fig. 2B , Table S12 ). UV pre-treated nano-TiO 2 did not greatly affect responses, but rather even decreased the proportion of affected cells (Fig. 5B ).
Membrane integrity in MOPS.
In MOPS the effects of nano-TiO 2 on the membrane integrity of C. reinhardtii were altogether negligible (< 1 %, Fig. 3B , Table S11 ). No differences in membrane damage were observed between control and exposed cells but opposed to results obtained for intracellular ROS, the membrane integrity of controls was not affected by the MOPS medium itself.
Overall, cellular responses were higher in lake water exposures, which is in agreement with earlier results showing a heightened toxicity of nano-TiO 2 on developing zebrafish in the presence of humic acid 53 but contradicts others showing a mitigation of nano-TiO 2 -induced prooxidant effects on the alga Chlorella sp. through increased electrosteric repulsion.
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Main predictors of pro-oxidant cellular processes. For all three endpoints, all main effects including several interaction terms were retained in the more complex AIC selected models. In the simpler BIC models (Tables S6, S10 and S13) the main effect "exposure concentration" was not retained in the models fitted to the cellular endpoints (see summary of model fitting in Table S16 ), which matches the experimental results on particle sedimentation.
For the ROS related endpoints (H 2 DCF-DA and CellROX® Green) the AIC models suggest a significant effect of exposure concentration, as well as interaction between exposure concentration and exposure medium. More generalized, this finding implies that pro-oxidant processes of varying nano-TiO 2 concentrations will differ as a function of the ambient medium.
On the other hand, the effect of varying nano-TiO 2 concentrations on membrane damage is simply an additive factor, independent of the respective levels of all the other factors while the impact of the medium will be influenced by the exposure time and UV treatment and vice versa. In more general terms, this implies that the medium itself can affect membrane integrity.
Furthermore, we can infer from the fitted models that the effect of UV treatment on all endpoints considered will significantly depend on the exposure medium. 
Abiotic ROS (H 2 DCF-DA).
In both media elevated, above control (0 mg L -1 nano-TiO 2 ) median levels of ROS were only observed at 200 mg L -1 nano-TiO 2 ( Fig. 4A and 4B) . It has been shown that nano-TiO 2 generates low concentrations of ROS in ambient visible light. 55 UV treatment of nano-TiO 2 suspensions did not significantly affect ROS levels in lake water, but in the MOPS buffer produced higher median levels of abiotic ROS, most pronounced at 100 and 200 mg L -1 nano-TiO 2 (t = 0 h and t = 1 h, Fig. 2B ). This is in agreement with previous findings reporting that the generation of hydroxyl radicals and superoxide anions was higher in ultrapure milliQ water than in natural river water. produced highest levels of H 2 O 2 at t = 0 h (but decreased to < LOD after 1 h). While UV pretreatment did not seem to affect ROS in lake water, it greatly increased c H2O2 , especially in the first 10 min. Therefore, abiotic c H2O2 is a poor measure for abiotic ROS in our setup. Indeed, ROS is a collective term for chemically reactive molecules and when generated by nano-TiO 2 , principally include hydroxyl radicals and superoxide anions, but also comprises H 2 O 2 and singlet oxygen. 56, 57 However, the DCF method is possibly less sensitive than the cyt c biosensor to measure minute changes in ROS levels due to cells. Nevertheless, this question would merit further, in-depth investigation but is beyond the scope of this article.
The role of particle size on ROS and H 2 O 2 generation is another important factor for the understanding of nanotoxicity. 56 However, since nano-TiO 2 immediately formed large agglomerates close to the extreme upper limit of the DLS method in all exposure conditions it seems futile to discuss differences in particle size in relation to pro-oxidant processes observed here. Indeed, this question is worth investigating more comprehensively, but it too goes beyond the scope of this article. exposure remaining high until the end of exposure at t = 1 h (Fig. 6 ).
Linking extracellular processes to cellular pro-oxidant processes.
Our initial hypothesis stated that peroxide, as a relatively stable subclass of ROS, could serve as a marker for oxidative stress in cells. Based on this premise and on the obtained, continuous measurements of abiotic and biotic (extracellular) c H2O2 we would thus expect i) no intracellular oxidative stress and damage in lake water treatments (Fig. 2) and ii) elevated intracellular ROS levels and membrane damage in cells exposed in MOPS (Fig. 3) . In fact, the opposite was observed. Oxidative stress (albeit low values) and membrane damage (up to 15 % cells affected)
were primarily observed in lake water exposures while there was no evidence of elevated cellular pro-oxidant stress in either controls or treatments conducted in MOPS. Below, we discuss possible explanations for this unexpected finding. on the cell surface of microalgae exposed to similar nano-TiO 2 concentrations 43, [63] [64] [65] and postulated that oxidation occurred through surface-bound ROS which are not free to diffuse into the cell 66 . It is widely acknowledged that proximity or direct contact is a prerequisite for ENP toxicity, without which direct oxidation of cellular components or physical disruption of cell walls and membranes would not occur. 36, 66, 67 However, assuming this scenario, one would expect oxidative stress or oxidative damage in exposed cells, which was not the case. Abiotic c H2O2 were higher in UV treatments but all other trends by and large remained the same as in the non-UV treatment. The absence of transition metals in the MOPS buffer may explain why membrane integrity did not degenerate as fast, despite the elevated levels of c H2O2 both in UV pre-treated and untreated nano-TiO 2 suspensions. Therefore, c H2O2 excretion by cells seems more plausible.
CONCLUSION
This is the first in-depth nano-ecotoxicological study to continuously quantify abiotic and biotic nano-TiO 2 -stimulated extracellular H 2 O 2 during 1 h exposure of C. reinhardtii. It is also the first attempt to link extracellular H 2 O 2 to standard nano-ecotoxicological endpoints of cellular prooxidant processes. It was found that agglomerated nano-TiO 2 generated cellular pro-oxidant responses, which are significantly modified by the parameters "exposure medium", "exposure time", "UV pre-illumination" as well as "exposure concentrations". Furthermore, extra-and intracellular pro-oxidant processes differed significantly: intracellular oxidative stress increased in conditions where no significant increase in extracellular biotic H 2 O 2 was measured and elevated extracellular levels of abiotic H 2 O 2 did not point to intracellular oxidative stress. These results suggest that nano-TiO 2 toxicity is not mediated by pro-oxidant processes alone and that extracellular H 2 O 2 cannot serve as a marker of cellular oxidative stress and damage in our system. Hence, while measurements of extracellular H 2 O 2 provide important additional information on the system under study, the dynamics of H 2 O 2 cannot directly serve as a predictor of cellular pro-oxidant processes. These findings are important for ENM hazard assessment and prediction.
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